on behalf of the CREW consortium Abstract Background: Cardiovascular disease (CVD) prevention is commonly focused on providing individuals at high predicted CVD risk with preventive medication. Whereas CVD risk increases rapidly with age, current risk-based selection of individuals mainly targets the elderly. However, the lifelong (preventable) consequences of CVD events may be larger in younger individuals. The purpose of this paper is to investigate if health benefits from preventive treatment may increase when the selection strategy is further optimised. Methods: Data from three Dutch cohorts were combined (n ¼ 47469, men:women 1:1.92) and classified into subgroups based on age and gender. The Framingham global risk score was used to estimate 10-year CVD risk. The associated lifelong burden of CVD events according to this 10-year CVD risk was expressed as quality-adjusted life years lost. Based on this approach, the additional health benefits from preventive treatment, reducing this 10-year CVD risk, from selecting individuals based on their expected CVD burden rather than their expected CVD risk were estimated. These benefits were expressed as quality-adjusted life years gained over lifetime. Results: When using the current selection strategy (10% risk threshold), 32% of the individuals were selected for preventive treatment. When the same proportion was selected based on burden, more younger and fewer older individuals would receive treatment. Across all individuals, the gain in quality-adjusted life years was 217 between the two strategies, over a 10-year time horizon. In addition, when combining the strategies 5% extra eligible individuals were selected resulting in a gain of 628 quality-adjusted life years. Conclusion: Improvement of the selection approach of individuals can help to reduce further the CVD burden. Selecting individuals for preventive treatment based on their expected CVD burden will provide more younger and fewer older individuals with treatment, and will reduce the overall CVD burden.
Introduction
One of the leading causes of mortality and morbidity worldwide is cardiovascular disease (CVD), with an expected burden of disease of 143 million disability adjusted-life years in 2020. 1, 2 An important target of the World Health Organization (WHO) is to reduce the CVD burden by 30% before 2030. 3 A substantial part of this CVD burden can be prevented by positively influencing behavioural risk factors, e.g. blood pressure, smoking, diabetes and cholesterol, through preventive strategies. 4 In the last decade, CVD risk prediction models have increasingly been used to predict individualised CVD risks. Based on their predicted 10-year CVD risk, several guidelines recommend the use of such prediction models to stratify individuals into risk categories, with a corresponding, recommended preventive treatment strategy. For example, cholesterol-lowering drug prescription is advocated in the case of a risk above the threshold of 7.5% risk of CVD events in 10 years according to the prediction model pooled cohort equations or above 10% risk according to the Framingham global risk score (FRS). 5, 6 Over the years, many CVD risk prediction models have been developed, each with a specific risk threshold for 'high risk', implying that the classification of individuals who qualify for (preventive) treatment is, to say the least, not uniform. As different CVD risk prediction models may use different predictors and different coefficients, different models may classify different individuals as having a 'high risk'. 7 However, individuals have different health-related consequences of CVD, that is, loss in terms of life years due to (earlier) death, and healthrelated quality of life (QoL) due to non-fatal CVD events. Consequently, the health-related consequences of being classified as 'high risk' may differ per individual, depending on the current QoL and life expectancy. In addition, through combining the individual predicted risk of a CVD event with the expected consequences of this CVD event, it is possible to estimate the expected CVD burden of an individual. Aggregating these individual burden estimates can then provide an estimate of the total expected CVD burden in a specific population or group of individuals.
Inferences of the value and usefulness of current risk-based prevention strategies for CVD, however, are solely based on their ability to provide accurate risk estimations and do not include any consideration of the expected health loss due to the occurrence of the predicted CVD event(s). As a consequence, the selection of high-risk individuals, in whom preventive treatment is initiated, may include individuals at high risk but with a low expected CVD burden, for example due to high age. Similarly, young individuals with a relatively low CVD risk would not receive preventive treatment, even though their expected CVD burden (because they will lose life years due to the consequences of a non-fatal or fatal CVD event) could be substantial. For example, the overall expected burden due to fatal strokes may be higher in young individuals than in older individuals even though the risk of a stroke being fatal increases with age. Indeed, it has been shown that the estimated consequences in terms of health loss of having a CVD event vary widely with age. 8, 9 This implies that selecting individuals for preventive treatment based on predicted risks only may not necessarily result in the most effective nor the most efficient strategy to reduce CVD burden on population or group level.
In this paper, we investigate if the selection strategy for preventive CVD treatment can be improved by considering a threshold based on expected CVD burden rather than on predicted CVD risk. We illustrate how selected individuals differ, and how this influences the effectiveness of a hypothetical preventive treatment strategy, in a combination of Dutch cohorts.
Methods
To illustrate if CVD preventive strategies can be improved by considering a burden threshold rather than a risk threshold, we combined different cohort datasets from The Netherlands. This resulted in a heterogeneous large dataset with different age groups and risks.
First, the MORGEN cohort was used. 10, 11 The MORGEN cohort is a subset of the general population from Maastricht, Amsterdam and Doetinchem, including 20,423 men and women with baseline and follow-up data. 12, 13 The second cohort (PROSPECT) is a cohort 16,401 women for whom baseline and follow-up data are available after linkage. 14 Finally, we used data from 10,645 patients with a history or recent diagnosis of manifest atherosclerotic disease enrolled in the Secondary Manifestations of ARTerial disease (SMART) Study between January 1996 and February 2014. 15 A reason to include individuals with a CVD history in the analysis was that these individuals were older, had more risk factors and a higher occurrence of CVD events.
Combined across these three cohorts 47,469 individuals were eligible for the analysis. The man to woman ratio was 1:1.92. Baseline information on the individuals per cohort is shown in Supplementary Appendix 1 Table 1 .
Estimating CVD risk and CVD burden
The FRS is a widely used CVD risk prediction model containing easy to measure predictors, e.g. age, gender and systolic blood pressure (see Supplementary  Appendix 1 Table 2 ). 5, 15 The FRS prediction model was originally not developed to estimate the risk of a CVD event for individuals with a CVD history. Currently, there are multiple prediction models available for secondary risk estimations; for example, the SMART risk score. 16, 17 Therefore, the FRS was used to estimate CVD risks of MORGEN and PROSPECT individuals and the SMART risk score was used to estimate CVD risks of SMART individuals.
As the FRS predicts the 10-year risk of CVD events (Supplementary Appendix 1 Table 3 , columns 1-3), only events occurring within 10 years from baseline (start of cohort) were included in the event distribution and further analysis. Furthermore, for each cohort, the event distribution according to the FRS was determined and presented separately for men and women. The observed event distribution was determined per International Classification of Disease version 10 (ICD-10) code. The event distribution for men and women is shown per cohort in Supplementary Appendix 1 Table 3 .
To conform to methodological guidelines in prediction modelling, the FRS prediction model was first recalibrated to each cohort, by updating the baseline hazard and linear predictor better to match each of the three separate cohorts. 18, 19 Measures of the statistical performance after this recalibration, i.e. discrimination and calibration, were determined per cohort and separately for men and women. The statistical performance of the FRS after recalibration is presented in Supplementary Appendix 2. Note that the SMART risk score was originally developed on the SMART cohort, therefore recalibrating was not necessary and only the statistical performance of the FRS is presented.
To estimate each individual's expected burden of CVD, the individual's predicted risk was multiplied by the consequences of the events, i.e. multiplying the probability of having CVD events with the consequences of experiencing CVD events. The consequences of the occurrence of CVD events were estimated and expressed in quality-adjusted life years (QALYs) lost and determined per individual. The consequences were determined as a product of the observed event distribution, the impact on QoL following different CVD event types (utilities), and average life expectancy, representing years of life lost for fatal CVD events. The observed event distribution was determined separately for cohort, gender and age groups. The life expectancy of a (healthy) individual only depended on age and gender, and the impact of CVD events on QoL was assumed to be similar for all individuals, i.e. no separate values were used for cohort, gender, or age groups. Supplementary Appendix 3 presents more information on the impact of CVD events on QoL and the formula used to estimate CVD burden. In addition, Supplementary Appendix 3 also provides an example of the calculation of CVD burden per individual.
Description of the selection process
In this study, we compared four different scenarios of the selection of high-risk individuals for preventive strategies.
For scenario 1, risk-based selection, we investigated individuals at high absolute risk, according to the FRS, with a 10% risk threshold as recommended in the US guideline for CVD preventive strategies. 6 For consistency, we used one single threshold instead of two thresholds for each prediction model.
For scenario 2, burden-based selection, individuals were ranked according to the individual expected CVD burden. Individuals with the highest burden were then selected, until exactly the same number of individuals was selected as when applying scenario 1. The CVD burden of the selected individual with the lowest CVD burden was defined as the burden threshold (i.e. all individuals with a burden exceeding this threshold were selected). Selecting exactly the same number of individuals in scenarios 1 and 2 allowed comparison of the expected benefits from preventive treatment across these two scenarios.
Scenario 3 combined the selection procedures of scenarios 1 and 2. Here, individuals were selected if they had a high predicted risk (scenario 1), a high expected burden (scenario 2) or both. It was expected that the two groups of selected individuals would largely overlap between scenarios 1 and 2 because 'high predicted risk' would often lead to 'high expected burden'. However, applying a burden-based selection as in scenario 2 might result in not selecting, and thus withholding treatment, from a small subgroup of individuals with a high CVD risk currently considered for preventive treatment (scenario 1). Scenario 3 thus reflects the notion that withholding relatively cheap and effective preventive medication from individuals with a high CVD risk but with a low expected burden may not be desirable.
Given selection on both risk and burden, scenario 3 will select a larger number of individuals for preventive treatment than scenarios 1 and 2. Therefore, comparison of outcomes between these scenarios is not possible. To assess the impact of combined selection, scenario 4 was defined as an extension of scenario 2, again selecting individuals on burden, but now selecting exactly the same number of individuals as in scenario 3.
In Supplementary Appendix 6, two figures are presented to show more details on the four investigated scenarios, where the marks represent the selected individuals according to the four scenarios.
Description of hypothetical treatment
For those individuals selected for preventive strategies in either of the four scenarios, hypothetical treatment was considered; for example, poly pill, blood pressurelowering medication or aspirin. We assumed that all individuals adhered to this medication and that medication would lower the risk of CVD events by 35%, similarly across all types of CVD events included in the composite endpoint. 20 As preventive CVD medication often has side effects, these were included in the analysis (for details see Supplementary Appendix 3 Table 2) .
After preventive treatment, the risk reduction on CVD events was applied to each individual. For all four scenarios of selecting individuals, the number of selected individuals, average values of risk and burden, and average values of reduction in CVD burden after treatment were determined. The expected number of events was calculated by summing the estimated CVD risk of the selected individuals. After preventive treatment, the individual risk estimates were multiplied by 35% which resulted in a decrease of the average CVD risk and number of expected CVD events. Furthermore, the gain in QALYs was determined for scenarios 2-4 compared with scenario 1 (reference scenario). Scenarios were also compared among each other.
Results
Estimating CVD risk and CVD burden 95th percentile values. The risk estimates vary widely between men and women. As a consequence, men have on average a higher predicted risk compared to women. As expected, there was a trend towards higher CVD risk with increasing age, both for men and women.
The expected CVD burden increased up to the age of 75 years for men and women and decreased thereafter (Figure 1, lower part) . In addition, the burden estimates were higher for men than for women for two reasons. First, CVD risk also partially determines CVD burden and CVD risks were higher for men. Second, there were differences in the observed event rates; for example, men more often experienced a fatal CVD event than women (Supplementary Appendix 4 Table 2 ). This was due to the high proportion of men in the SMART cohort. As this subgroup has the highest risk of fatal CVD, in the combined cohort the CVD risk for men exceeds that for women. This effect is therefore not apparent in the other cohorts.
The relation between CVD risk and CVD burden is shown in Supplementary Appendix 5 Figure 1 .
Description of the selection process
In the combined cohort, applying the risk-based strategy to select individuals resulted in a selection of 32.1% of all individuals, i.e. 15,263 individuals had a predicted risk above the threshold of 10% (scenario 1). However, the percentage of selected men and women was not similar due to different risk estimates, 50.4% and 22.7% of all men and women were considered for the hypothetical treatment, respectively ( Table 1 , selection part). In addition, men were selected for treatment at a much earlier age than women, with about 50% of men over 45 years of age qualifying for treatment, while a similar percentage was reached only in women between 65 and 75 years of age. At the same proportion of selected individuals for scenario 2 (the burden-based strategy), the burden threshold was 0.59 QALYs. This indicates that, on an individual level, an expected lifelong health loss due to CVD (i.e. CVD risk multiplied by CVD event consequences) exceeding 0.59 QALYs would make individuals eligible for preventive treatment. Overall, 32.1% of all individuals had an expected CVD burden exceeding 0.59 QALYs and therefore were assigned to preventive treatment in scenario 2.
The total number of the selected individuals was, by definition, similar, the percentage of men and women changed across the selection strategies. In scenario 2, more men, and therefore fewer women, were considered compared to scenario 1 (Table 1, column 2). Although in scenario 2 the total number of selected individuals did not change, individuals were selected based on their estimated CVD burden rather than on their CVD risk. Consequently, certain individuals were selected in scenario 2 who were not selected in scenario 1 because their CVD risk was below the risk threshold of 10%, and vice versa. Supplementary Appendix 7 provides more details on the percentage of selected individuals per age group, separately for men and women, in each scenario. Comparing scenario 2 with scenario 1, on average the risk estimates were similar and burden estimates were higher. The difference in burden estimates was mainly caused by the fact that on average younger individuals qualify for treatment in scenario 2, compared to scenario 1. The lower part of Figure 1 shows that, for example, for the age group 35-45 years, the part of the percentile interval line above the threshold (grey dotted line) is larger than in the upper part of Figure 1 . As an example of different implications of scenarios 1 and 2, 15.2% and 4.4% of the men and women between the age of 35 and 45 years were selected for preventive treatment in scenario 1, whereas many more individuals (28.6% and 13.9% of the men and women, respectively) were selected in scenario 2. Additional details on selected individuals and average values of risk and burden per age group and gender are provided in Supplementary Appendix 6.
Following scenarios 3 and 4, an additional 2351 individuals were selected, which resulted in a group that included 37.1% instead of 32.1% of all individuals ( Table 2 , selection part).
Description of the impact of hypothetical treatment
Treatment following a risk-based selection strategy (scenario 1) is estimated to yield 6474 QALYs, compared to no treatment. Treatment following the burden-based selection strategy (scenario 2) is estimated to yield 6691 QALYs (Table 1) . Hence, without treating more individuals, 217 QALYs can be gained from switching to a burden rather than a risk-based selection strategy.
When comparing scenario 3 to scenario 1, the expected gain was 628 QALYs (Table 2 ). This difference in QALYs was due to the effect of treating the additionally selected individuals, hence comparison of the current and new risk-based strategy is not directly informative. For a more informative comparison the burden-based strategy was extended (scenario 4) by also selecting 37.1% of the individuals as in scenario 3; this was achieved by decreasing the burden threshold by 0.08 QALYs to a threshold of 0.51 QALYs. After hypothetical treatment, the gain from scenario 4 compared to scenario 3 was 41 QALYs ( Table 2, column 8) .
Overall, the gain was 217 QALYs without treating additional individuals (scenario 2 vs. scenario 1) and 669 QALYs when additional individuals were selected based on their CVD burden (scenario 4 vs. scenario 1). Hence, scenario 2 has potential for greater health gain than scenario 1, and, likewise, scenario 4 has potential for greater health gain than scenario 3. As it may not be desirable to withhold preventive treatment from individuals currently eligible for preventive treatment (according to scenario 3), the opportunity loss of not implementing scenario 4, compared to scenario 3, is 41 QALYs.
The analysis on the combined dataset is also performed on the different cohorts separately, the results are presented in Supplementary Appendix 8.
Discussion
This study illustrates how health benefits from preventive hypothetical treatment increase when the selection of individuals qualifying for preventive intervention changes rather than the intervention itself. Our study results illustrate that the current risk-based selection mainly targets older individuals, because CVD risk rapidly increases with age. Furthermore, when exactly the same number of individuals was selected based on their CVD burden, both old and young individuals are selected, with the selected young individuals having a low absolute risk but potentially a high health loss with a corresponding high expected burden when a CVD event would occur. As individuals selected on their expected CVD burden have, on average, a higher expected burden than individuals selected on their predicted risk, burden-based selection increases the health benefits of preventive treatment. When both selection strategies are combined, the yield of preventive treatment increases further without the need to withhold preventive treatment in older individuals at (relatively) high risk.
Furthermore, aggregating the individual estimates of CVD burden provides an estimated total CVD burden in a specific population, which can also be interpreted as the maximum theoretical health gain achievable by any preventive strategy in this population. When assessing and comparing CVD prevention strategies, the extent to which they would be able to reduce the CVD burden on population or group level should be the primary 'effectiveness' outcome of an impact assessment, as it better matches the targets set by the WHO and other organisations. 21 
Clinical impact
Many western countries have implemented a risk-based selection strategy to select individuals who should use medication to prevent CVD. Following this strategy, many older persons use such medication. This study illustrates how a new selection method may increase the health benefits from CVD preventive treatment. However, in clinical practice the results may vary. A switch from a risk-based to a burden-based strategy implicates earlier intervention with preventive strategies in younger individuals. This raises the question of whether the prescription of medication is desirable for these individuals because they have to take lifelong medication which may complicate and lower adherence. A lifestyle intervention may be more appropriate for this group. 22 Furthermore, communication is key here because young individuals have a low absolute risk but their relative risk may be high. For example, a 2.6% risk for a 30-year-old woman may not seem very threatening, but as this risk falls in the highest risk quintile, it is very high compared with the risk of peers. Another implication of the switch from risk to burden-based strategies is the withdrawal of preventive medication for some using or currently starting with preventive medication. This is particularly the case in older people with a low expected burden. The exact benefits are still under debate, however, as multiple studies have investigated the added value of medication, for example statins, in older individuals. Han et al. concluded that there was no benefit in giving pravastatin in primary prevention for all-cause mortality or coronary heart disease events among adults aged 65 years and older. 23 In addition, Thompson et al. showed that the pay-off time of using statins in primary CVD prevention lengthened when the direct treatment disutility of medication increased. 24 In 2012, the American Geriatrics Association recommended that clinicians should balance the benefits and harms of interventions in older individuals. 25 For example, the benefits of most medication are long term, i.e. decreased CVD risk, while the harms are short term, e.g. muscle weakness in elderly people. Balder et al. showed a large discrepancy between CVD risk guidelines and the current practice of statin prescription in The Netherlands, i.e. a large group of individuals had no discernible cause for statin treatment. 26 
Strengths
This study provides a transparent and detailed illustration of different strategies to select individuals for a preventive CVD intervention rather than improving the intervention itself. Risk-based selection compresses the individualised characteristic of the patient into one single number. Moreover, individuals with a similar high predicted CVD risk can be significantly different. As there is no direct relation between risk and burden estimates, similar risk estimates may result in varying health consequences of the disease and health benefits of preventive treatment. However, burden-based selection accounts for patient age and gender, in addition to predicted risk. Individuals with a similar burden may also be different, but the impact of preventive treatment will not vary significantly when expressed as a reduction of this burden. Furthermore, this way of considering individuals for preventive strategies is a move into the direction of more individualised care and increasing the effectiveness of a preventive strategy without (possibly) increasing costs, as similar numbers in a population use preventive medication. 27 The dataset used consists of individuals from a broad age range with relatively young individuals, whereas studies on CVD prevention often only include older individuals. However, the power in this young age group is low due to a low number of observed CVD events.
Limitations
As the main focus of this study is to illustrate a proof of concept, our data may not accurately represent the population of The Netherlands. Preferably, we would have used one large cohort consisting of individuals aged from 20 to 90 years with a follow-up time of 15 years or longer. Unfortunately, such a cohort is not available in The Netherlands, and probably not even worldwide, therefore we used and combined three existing cohorts. Although our approach may yield slightly different results in population cohorts from other countries, the analysis itself is generalisable across other populations or can be repeated in a large population cohort whenever data are available.
In this study, only first CVD events are taken into account, although in practice individuals may experience more CVD events in a 10-year period. This simplification may lead to an underestimation of the burden estimates but was necessary because the registration of sequential events in individuals was not always very accurate in the cohorts included. Should we have had more data on follow-up and/or the sequence of CVD events within individuals, the expected burden would probably have been greater. Consequently, the absolute differences in QALYs gained between scenarios would have been different but the relative differences would still be marginal. As this study is an illustration of a proof of concept, we had to make a choice on the treatment effect and possible side effects of the preventive treatment. In our analysis only a single overall effectiveness estimate of event reduction was applied; however, the treatment effect of the medication may be different per age group because the observed CVD event rates differ for sex and gender. Furthermore, in practice different treatments (e.g. statins, antihypertensive drugs, or both) will be likely to be provided to different individuals depending on their risk profile. Along with a large variation in individuals' baseline risks, the expected risk reduction of preventive treatment in practice will vary substantially across individuals. The impact of assuming no variation could be assessed, for example, in a patient-level model with separate risk reduction estimates for each individual, or in deterministic sensitivity analyses based on a range of plausible risk reductions. However, this would further complicate the analyses and is therefore mainly of interest when either the average risk reduction in groups of individuals deviates substantially from 35%, or when absolute outcomes of selection scenarios are appraised rather than differences between scenarios, as in our analysis. As our purpose was merely to demonstrate a proof of concept and not to evaluate absolute outcomes or real-world implementation of burden-based selection strategies, we chose not to account for individual variation of treatment effectiveness. A concrete application of this burden-based selection strategy requires detailed information on the effectiveness and consequences of the medication, the risk of the associated side effects, and should account for sequences of CVD events within individuals.
The results show that after hypothetical treatment the burden-based selection strategy provides more QALYs prevented compared to the risk-based strategy. However, the gain in QALYs was not equally distributed for men and women. The reduction in CVD burden according to the burden strategy was mainly caused by selecting more men and consequently fewer women. In other words, women had to sacrifice health benefits such that men had more health benefits from preventive treatment. Although this is a disadvantage of the burden-based strategy, the analyses can easily be performed for men and women separately; for example, with a gender-specific burden threshold. To investigate this matter further, we applied both selection strategies on the cohorts separately (see Supplementary Appendix 8). The results showed that more women were selected according to the burden strategy compared to the risk strategy. In other words, the switch in selected individuals was in the opposite direction. For the combined dataset, this means that the reduction in CVD burden may be biased due to a cohort effect because PROSPECT only consists of women. In addition, the imbalance in gender was already present in the riskbased strategy in which a larger proportion of men was selected compared to women. The effect of risk selection was enhanced because the health consequences of CVD events, e.g. more severe CVD events, were greater in men. The imbalance in health benefits from preventive treatment for men and women is undesirable; however, it is logical because our present goal was to maximise the number of QALYs to be gained from preventive treatment. Furthermore, the unfavourable effects are resolved in the extended selection strategy in which currently selected individuals retained their preventive treatment. The additionally selected individuals were mostly men, hence the QALY gain is caused by giving men preventive medication only now without withdrawing women from preventive medication.
Although in our analysis we fixed the burden threshold value to select the exact same number of individuals for preventive treatment as in traditional risk-based selection, in practice different burden thresholds can be set, and thresholds could also vary across subgroups of individuals. For example, in a formal health economic analysis the optimal value of the burden threshold for preventive treatment may be determined, even separately for men and women, or depending on comorbidities of individuals, if such distinctions are deemed socially and ethically acceptable. Similarly, for consistency we used one single risk threshold because different thresholds may have complicated the analysis and interpretation of the results.
Conclusion
For decades, risk-based prevention has been applied to optimise the selection of individuals eligible for preventive interventions from a perspective in which risk reduction is seen as the ultimate goal. With the increasing emphasis on the actual health outcomes of patients, and on the improvements in these health outcomes provided by (preventive) interventions, it is now time to add a burden component to selection strategies. This is straightforward and easily implementable in clinical practice, and can efficiently improve the health benefits from preventive interventions. article: this research forms part of the CREW NHS project, grand number 2013T083, co-funded by the Dutch Heart Foundation. The Dutch Heart Foundation had no role in the collection, analysis and interpretation of data, nor in the decision to submit the article for publication.
